]COL) has been widely used for prostate cancer diagnosis; however, this radiopharmaceutical is not recommended for patients with a low absolute PSA value (< 1 ng/mL) due to its limited sensitivity and specificity. The enzyme glycine N-methyltransferase is overexpressed during prostate cancer progression. It catalyses the methylation of glycine using S-adenosyl methionine (SAM or AdoMet) as a substrate. The authors have previously reported the automated radiosynthesis of [ 
Introduction
Prostate cancer (PCa) is the second most frequently diagnosed solid cancer in men worldwide. It constitutes the fifth leading cause of mortality due to cancer, representing a major public health issue (1) . This pathology is characterised by a heterogeneous evolution and symptomatology with a wide range of biological behaviours (2) (3) (4) , which determines important challenges related to the management of patients. PCa can be diagnosed as localised, locally advanced or metastatic (5) . The treatments available for PCa in the early stages and for the locally advanced disease include active surveillance, radical treatments (prostatectomy or radiotherapy) and androgen deprivation therapy (6) . In patients with the localised disease, radical therapy may be effective; however, a substantial number of patients experience biochemical recurrence. To establish the appropriate treatment strategy, it is crucial to stage PCa accurately (7, 8) .
Positron Emission Tomography (PET) is a molecular imaging modality that provides valuable functional and metabolic information related to organs and tissues (9, 10) . This imaging technique offers a useful quantitative tool for tumour biology characterisation (11) . In particular, it plays a significant role in PCa detection (7, 8 (3, 7, (12) (13) (14) .
[ 11 C] COL is one of the most widely used radiopharmaceutical for PCa diagnosis. Due to its limited sensitivity and specificity, its role in the primary staging of PCa is still under debate (8, 12) . The clinical application of [ 11 C]COL aims to restage patients who suffer from biochemical recurrence; however, the detection sensitivity of [ 11 C]COL decreases with low prostate-specific antigen (PSA) values. Hence, this tracer is not applicable for patients who present an absolute PSA value of < 1 ng/mL (15).
A previous study described the overexpression of glycine N-methyltransferase (GNMT EC 2.1. 1.20) in most PCa cells, especially in PC3 line, compared with normal prostate epithelial cells. According to these findings, the silencing of GNMT expression by siRNA induces apoptosis in more aggressive PCa cell (as PC3) compare to less aggressive androgendependent LNCaP (16) . In addition, based on an investigation carried out from PCa tissue, they concluded that higher GNMT cytoplasmic expression was associated with a higher Gleason score and higher pT stage. This enzyme is involved in the methylation catalysis of glycine to produce sarcosine using S-adenosyl methionine (SAM or AdoMet) as a substrate. As a result, the increased levels of GNMT cause an accumulation of sarcosine. It is important to note that this metabolite plays an intermediary role in cancer invasion and aggressiveness (17) .
The development of new PET tracers to improve sensitivity and specificity for PCa detection in patients with biochemical failure, who progresses with an aggressive pattern, is crucial.
The authors recently reported the automated onepot radiosynthesis of [ 11 C]SAM as a potential agent that can be used to evaluate the expression level of GNMT in tumour tissues, especially in the diagnosis of aggressive PCa (18) .
In a previous study, Ishiwata and colleagues described the biodistribution of [ 11 C]SAM in healthy rats and one rabbit (19) . Another group investigated the tumour accumulation of [ 11 C]SAM in two animal models: mice bearing mammary carcinoma and rats bearing ascitic hepatoma. They concluded that the tracer could be useful for locating tumours whose transmethylation activity is modified (20) .
The aim of this article is to discuss the evaluation of the biological behaviour of [ 11 C]SAM as well as its tumour uptake through ex vivo biodistribution and in vivo PET/CT imaging studies. The biological evaluation was performed using two mice models: a healthy model and a PC3 human prostate cancer xenograft model. To examine the role of [ 
Materials and methods

Materials
All chemicals, solvents and reagents were purchased from commercial sources (ABX, Sigma-Aldrich, Merck, Carlo Erba and Dorwil). They were analytical grade and were used without further purification. The Sep-Pak Classic Accell Plus CM cation-exchange cartridges and the 0.22 µm sterilising filters were purchased from Waters, whereas the Strata XC-SPE cartridges and the semipreparative HPLC column (a 250/10 mm Luna 5 µm C18) were purchased from Phenomenex. The analytical HPLC column was an EC 250/4.6 mm Nucleodur 100-5 C18ec from MachereyNagel.
Radiochemical synthesis
The synthetic processes were performed using a TRACERlab® FX C Pro automated platform (GE Healthcare). [ The cartridge was washed with ethanol (10 mL) followed by water for injection (10 mL). The trapped product was eluted and formulated with 0.9% NaCl (10 mL). The final solution was transferred to a sterile vial through a 0.22 μm sterilising filter and submitted for quality control testing. The obtained compound was analysed by HPLC (Shimadzu UFLC equipped with diode array, conductivity and gamma detectors) using the following conditions: NaH2PO4 0.05 M as the mobile phase and an isocratic flow rate of 0.8 mL/min on a C18 analytical column. Chromatograms were registered using UV (200 nm), conductivity and gamma detectors. The tracer was obtained with a radiochemical purity of > 90%. . This synthesis was performed according to the procedure described previously (18) . The [ 11 C]CH3OTf produced in the module was bubbled into a reactor loaded with the precursor solution (5 mg of SAH dissolved in 400 µL of formic acid). Then, the reaction mixture was heated at 60 ºC for 1 min. After that, the desired 11 C-labelled compound from the reactor was purified using a semi-preparative HPLC (conditions: C18 semipreparative column, 0.1 M sodium acetate buffer pH 4.5: acetonitrile (98:2) as the mobile phase, isocratic flow rate of 6.0 mL/min, UV (254 nm) and gamma detectors). The fraction containing [ 11 C]SAM was collected and purified using a Strata XC-SPE cartridge. The product was eluted with Na2HPO4 0.1 M pH 8.5: EtOH (9:1) (4 mL) and formulated in 0.9% NaCl (6 mL). The solution was then transferred to a sterile vial through a 0.22 μm sterilising filter. The final product was analysed by HPLC employing the following conditions: 50 mM ammonium acetate buffer pH 5.4 with 1% TFA as the mobile phase A and acetonitrile as the mobile phase B. The elution gradient was isocratic at 0% B from 0 to 15 min, and then it was increased linearly from 0 to 100% B from 15 to 20 min. The flow rate employed was 2 mL/min on a C18 analytical column. Chromatograms were registered using UV (260 nm) and gamma detectors. The global radiochemical purity of the resultant compound was > 90%, and the specific activity ranged from 207 to 1363 GBq/µmol (this value was determined taking only the [ For the development of a xenograft human prostate cancer model, a PC3 human prostate cancer cell line (ATCC ATCC® CRL-1435™) was purchased from American Type Culture Collection Cell. The cells were cultured in Dubelcco's modified Eagle's medium high glucose (DMEM, Capricorn Scientific) supplemented with 10% (v/v) foetal bovine serum (FBS, Gibco) and an antibiotic/antimycotic solution. The cells were grown to confluence in cell culture T-flasks in a humidified atmosphere of 5% CO2 at 37 ºC.
Cell transplantation
A xenograft human prostate cancer mice model was used as the prostate cancer tumour model. Three million PC3 cells suspended in 0.9% NaCl (100-200 µL) were injected subcutaneously into the right upper leg of male Nude mice (9-12 weeks old). Appropriate tumour volumes (100-350 mm 3 ) were achieved between four to six weeks postinoculation. The tumours were measured once per week with a micro calliper in two dimensions, and the tumour volumes were calculated as (smaller diameter) 2 x larger diameter x π/6.
Ex vivo biodistribution studies
Biodistribution studies were performed for both the control and the PC3 tumour-bearing mice. A solution of [ 11 C]SAM (7.7-36.0 MBq, 100-200 µL) was injected intravenously (iv) in the control group (15-16 weeks old, 32.9-38.8 g) and in the tumour-bearing mice (13-18 weeks old, 21.5-27.1 g) via the tail vein. Mice were sacrificed by cervical dislocation at 10, 30 and 70 min after injection for the control group and 14, 30 and 70 min for the tumour-bearing group. Different organ and tissue samples were removed (blood, liver, heart, lungs, spleen, kidneys, muscles, bones, stomach, gastrointestinal tract, carcass, bladder and urine). In the case of xenograft tumour mice, the excised tumour was also removed. The removed samples, including the tumours, were weighed, and the radioactivity was measured by a gamma counter (3" x 3" well type NaI(Tl) solid scintillation detector coupled to a multichannel analyser ORTEC). The percentage of injected activity per gram of tissue (% IA/g) and the percentage of injected activity in the whole organ (% IA) were calculated as well as the target to non-target (T/NT) ratio from the tumour to the muscle. Corrections for the different sample geometries were applied when necessary.
In vivo PET/CT Imaging studies
PET/CT scans were performed using a small animal tri-modality PET/SPECT/CT scanner (Triumph TM , TriFoil, Inc., US) based on Quad-APD detector modules coupled with LYSO/LGSO scintillators (spatial resolution: For the xenograft tumour mice, images were obtained when tumours reached an optimum size (100-350 mm 3 , 13-18 weeks old). The control group was scanned at the same age. PET dynamic image acquisition began at t=0 min after radiotracer administration and was performed during 60 min for the tumour model (1 frame × 5 min, 1 frame × 15 min, 2 frames × 20 min). For the control group, PET static image acquisition began at t=5 min after radiotracer administration and was performed for 5 min followed by two additional statics acquisitions of 20 min each. The CT examination was performed for 1.98 min (field of view = 4.7 cm). The mice were scanned in a random order.
Sinograms were reconstructed using 3D maximum likelihood expectation maximisation (3D-MLEM) with 30 iterations.
Image processing and a semi-quantitative analysis were carried out using PMOD software, v.3.4. (PMOD Technologies, Ltd., Zurich, Switzerland). PET studies were co-registered with the corresponding CT scan study for anatomical localisation. Images were displayed as coronal, sagittal and axial slices. Volumes of interest (VOIs) were drawn manually over the different organs (brain, heart, lung, liver, kidney, bladder, bone and muscle for the control group; tumour and contralateral muscle for tumourbearing mice) to generate time-activity curves and to calculate T/NT ratios. The activity concentration within each VOI was expressed as the hot spot average (five pixels of the hot spot) in the case of the tumour model and as the average over the whole VOI for the control group (kBq/cc). The percentage of activity in each organ was calculated considering the sum of the activity of all analysed samples.
Statistical analysis
The results were expressed as mean ± standard deviation (SD) for the biodistribution and image studies. The unpaired Student's t-test was used to compare the radiotracer uptake in the tumour regions. p values <0.05 were defined as statistically significant.
Percentage of injected activity, residence time and absorbed dose calculations
According to the MIRD Radionuclide Data and Decay Schemes (22) , the physical half-life of 11 C is 20.39 min. Eight mice were used for dosimetry purposes, three for t=10 min, three for t=30 min and two for t=70 min. Three times were registered: injection time (tinj), sacrifice time (tsac) and organ/tissue measuring time (tmes). All organs/tissues were weighed. The organs included in this study were blood, liver and gallbladder, heart, lungs, spleen, kidneys, muscles, bones, stomach, intestines, carcass and bladder+urine.
Percentage of injected activity calculation
All organ measurements were estimated in units of counts per second in an activimeter ORTEC Lab. The percentage of injected activity (% ) for each organ/tissue at one particular time (ti=10, 30, 70 min) can therefore be expressed as shown in equation 1:
The average of percentage of injected activity for each organ mouse (% ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ was also estimated for each mouse time group. The determination of equation 1 can be seen in more detail in the publication from Kreimerman et al. (23) . 10 min [B] 30 min [B] 70 min [C] [A] Results are expressed as mean % IA/g ± SD; [B] n=3; [C] n=2. 
Residence time calculation
An assumption of no activity at t=0 min was considered. Normalised non-decay corrected time activity curves were generated for each organ. Residence times were estimated for each organ and for each mouse time group using the trapezoidal method as described in a previous publication (24) . All mathematical processing was carried out using Wolfram Mathematica (25) . It was assumed that no bladder voiding may lead to an overestimation of the irradiation delivered by the bladder content. Therefore, an alternative estimation of the bladder content residence time was performed by considering bladder voiding at different times.
Normalised cumulated activity for humans was calculated using mass scaling between mice and humans for the whole body and different organs. McParland (26) described the estimation of the normalised cumulated activity for humans. Based on this information, the normalised cumulated activity for humans can be re-written as shown in equation 2:
(a)
Tissue
[11C]SAM uptake [A] 14 min [B] 30 min [B] 70 min [C] [A] Results are expressed as mean % IA/g ± SD; [B] n=3; [C] n=5. (31) and from this data NURBS dosimetric models were created (32) . OLINDA/EXM V2.0 provides information regarding human bladder content mass and also for a 35 g total mouse body mass. This means that bladder and bladder content can be dealt with as explicit sources using OLINDA/EXM V2.0, whereas they should be integrated into the 'remainder' for OLINDA/EXM V1.0. OLINDA/EXM V2.0 was used to appraise absorbed doses that would be delivered to a human with a remainder residence time that accounts for blood, muscles, bones, stomach, carcass and intestines. Considering that the urine remaining in the bladder may lead to overestimate the irradiation, residence times were extrapolated from mice with and without considering bladder voiding.
Absorbed dose estimations
Using the mass scaling results and to calculate the absorbed doses for a selected group of organs, the two versions of OLINDA/EXM were used. In terms of effective dose, OLINDA/EXM V1.0 and OLINDA/EXM V2.0 follow recommendations from ICRP-60 (33) and ICRP-103 (34), respectively. All results from OLINDA/EXM V1.0 are available in the supplementary data. Hereafter, OLINDA/EXM V2.0 is referred as OLINDA.
Results and discussion
Ex vivo studies
The biological behaviours of [ ]SAM was observed in the bladder and urine. In contrast, the uptake in the liver and gut remained low and constant throughout the study (Figure 1b) . These results suggested that the elimination of the tracer was mainly caused by urinary excretion, which is in concordance with the high hydrophilicity of this compound (log POCT = -2.01 ± 0.07 (18) ). This ]SAM was reported in rats. It was also found that part of the tracer activity in the kidneys reflected renal excretion, whereas the other fraction indicated transmethylation reactions (19) .
The % IA in the bladder and urine was high at 10 min after injection (> 50% IA), increasing over time to up to 80% at 70 min (Figure 1b In this model, the biodistribution pattern was similar to that observed in the control group. Significant tracer accumulation was found in the kidneys. The highest uptake was detected in the bladder and urine from (53.22 ± 14.91)% IA at 14 min postinjection to (78.47 ± 6.41)% IA at 70 min. A rapid blood clearance of the tracer was verified, and there was no high uptake in the other organs (Figure 2a) . To obtain good quality PET images is important that the tracer remains in the body only for the time necessary to perform the study without showing secondary uptakes. This also means that irradiation would be low, as it is in the case of equivalent diagnostic tracers. A low background uptake generates a T/NT ratio adequate for a better PET image quality.
The tracer uptake in the tumour was compared to the muscles (reference tissue). The accumulation in the tumour was significantly higher compared to the muscles at all analysed times (p<0.05) (Figure 2b ). At 14 min post-injection, the mean value of the T/NT ratios was 3.93 ± 1.27, decreasing to 3.37 ± 0.36 at 30 min and remaining thereafter relatively constant (3.14 ± 0.69) up to 70 min (see Figure 2a ).
In vivo PET/CT imaging
Micro-PET/CT images were obtained to evaluate the distribution of [ The tumour, muscle and T/NT dynamic profiles were compared using time-activity curves (Figure 4 ). In the case of [ 11 C]SAM, the PET studies showed a significantly higher tumour uptake compared to the contralateral muscles (p<0.05) (Figure 4a ). The concentration of the tracer in the tumour increased over time, whereas the muscle uptake decreased, providing a mean T/NT ratio of 2.08 ± 0.44 at 60 min. In relation to [ Currently those patients who suffer progressive metastatic castration-resistant prostate cancer, which is a highly lethal disorder, could benefit from new therapeutic agents with radiometabolic therapy.Lutetium-177 [
177 Lu]PSMA-617, a radiolabelled small molecule, binds with high affinity to prostate-specific membrane antigen (PSMA) enabling beta particle therapy targeted to metastatic castration-resistant prostate cancer. There are several ongoing clinical trials to assess the benefit in terms of safety, efficacy, and effect on quality of life of this alternative in men with metastatic castration-resistant prostate cancer who progressed after standard treatments (35) . [ 11 C]SAM would play an important role identifying those patients who would evolve with an aggressive prognosis and so could be candidates for a radiometabolic therapy in earlier stages of the disease.
Residence times and absorbed dose estimations
Regarding the data acquisition and/or measuring times for short-lived radionuclides, McParland (26) provided two recommendations: a) include data measurements between 2 and 5 min to determine the uptake of the radiopharmaceutical and b) the last point measurement should be at t=4*T1/2p (four 3.45E-01 [A] Remainder is the sum of blood, muscles, bones, stomach, carcass, intestine and bladder+urine (without bladder voiding) residence times.
times the physical half-life); however, Ishiwata et al. reported an increase in 11 C concentration until 10 min after injection in rats (19) . Therefore, the acquisition/measuring began at t=10 min in the current study.
The variations of the average percentages of injected activity for all organs for each mice time group are shown in Figure 6a . The excretion of radioactive material was observed in the bladder+urine compartment. The difference between the organs with the highest average percentage of injected activity was approximately 12.44% at t=10 min (bladder+urine and carcass).
The average percentage of injected activity without the contribution of the bladder+urine is provided in Figure 6b . The organs with the highest activity uptake at t=10 min were the carcass and kidneys. The variations of the average percentages of injected activity in the bladder+urine compartment with and without bladder voiding are provided in Figure 6c .
The kidneys had a high activity uptake at t=10 min, which is in agreement with previous studies on rats (Ishiwata et al. and Tolvanen et al.) (19, 36) .
In another article, Ishiwata et al. (20) described a high uptake in the kidneys and a rapid blood clearance for the same tracer in mice and rats bearing tumour cells. Looking at figure 6b, other organs with high activity uptakes were the livergallbladder, blood and intestines. For the same figure, rapid clearance of the tracer in blood can be seen. (36) discussed different scaling methods and discrepancies between species (rats vs humans). In particular, there are qualitative differences in liver metabolism between species. Other scaling methods can be also tested. Regarding the discrepancies between species, they mentioned that due to the faster physiology of rodents, the absorbed dose and effective doses extrapolated from mice may be lower than in data obtained directly from humans. A recent publication from Avila-Rodriguez et al. (37) that examined other isotopes, describes that differences in sizes between species can also create discrepancies. Therefore, it is important that studies in humans validate the Whole Body 73000 1.65E-6 36.8650 ----- [A] S-factor refers to self-irradiation; [B] S-factor (self-irradiation) for liver only; [C] S-factor for urinary bladder wall considering urinary bladder content as a source; [D] Remainder takes into account blood, muscles, bones, stomach, carcass and intestines.
current results in terms of biodistribution and dosimetry extrapolation.
The residence time in hours for mice organs is shown in Table 1 . The bladder+urine, kidneys and carcass had high values. The highest value was observed for the remainder when the bladder+urine without bladder voiding was considered. The difference between bladder+urine residence time with and without bladder voiding is about four times.
Mass values for the male dosimetric model from OLINDA are shown in Table 2 . The difference in mass between a human model and measured mice organs Table 3 shows the results for absorbed and effective dose estimations with and without bladder voiding. The total absorbed dose varied between two to four times for organs close to the bladder content (small intestine, rectum, prostate and testes), indicating the importance of taking bladder voiding into account. In addition, it is important to note the difference in the total absorbed dose to the urinary bladder wall, which was about four times taking the same consideration into account. For organs far from the bladder content compartment, the values of the total absorbed dose were in the same order of magnitude. Regarding the mean effective dose, its difference was about three times. According to CUDIM protocols, the injected activity of this product will be between 4-6 MBq/kg, which translates to 292-438 MBq for a 73 kg patient. For OLINDA without bladder voiding, the effective dose range was between 2.38-3.58 mSv, and with bladder voiding, the effective dose ranged from 0.73-1.09 mSv.
In this work, the absorbed dose of major organs as well as the effective dose were extrapolated from animal measurements. One way to validate the extrapolated results in humans would be to perform dosimetry studies in humans.
Conclusions
The biological evaluation of [ 
Supplementary data Materials and methods
The procedure described in section 2.8 used to determine the percentage of injected activity, residence time and absorbed dose calculations was followed to generate values used as input for OLINDA/EXM V1.0. As mentioned, both versions of OLINDA/EXM provide information regarding organs mass; however, OLINDA/EXM V1.0 does not provide information regarding human bladder contents mass.
The mice remainder residence time was calculated as the sum of residence times for blood, muscles, bones, stomach, carcass, intestine and bladder+urine. Therefore, for the human remainder residence time used for OLINDA/EXM V1.0, the same organs were considered. Table S1 shows the human and mouse organ mass used for the scaling process as well as the residence times used for OLINDA/EXM V1.0. The highest value for human residence times was for the remainder, which is obvious due to the factors considered. Table S2 shows the absorbed and effective dose results, which are highly similar to those obtained without the bladder-voiding consideration. The mean effective dose was 2.27 x 10 -3 mSv/MBq, which is comparable to the values reported by Tolvanen et al. (36) . According to CUDIM protocols, the effective dose will vary from 0.66 to 0.99 mSv. 
Results and discussion
